A superconducting magnetometers based on the magnetic field dependence of the Eck step voltage in long Josephson tunnel junctions (LJTJs) is demonstrated. The field to be measured is applied perpendicular to a continuous superconducting pickup loop. Wherever the loop has a narrow constriction, the density of the flux-restoring circulating currents will become relatively high and will locally create a magnetic field large enough to bring a biased LJTJ in the fluxflow state, i.e., at a finite voltage proportional to the field strength. This method allows the realization of a novel family of robust and general-purpose superconducting devices which, despite their simplicity, function as ultra-low-noise, wide-band and high-dynamics magnetometers. The performances of low-T c sensor prototypes, among which a highly linear voltage responsivity and a magnetic spectral density S 1/2 B < 3 f T /Hz 1/2 , promise to be competitive with those of the best superconducting quantum interference devices. 
but detectable, change of the critical current, I c , of a Josephson tunnel junction. The best results were achieved [9] by using a one-dimensional Long Josephson Tunnel junction (LJTJ) whose width W is smaller and whose length L is larger than the Josephson penetration length, λ J ≡ Φ 0 /2πµ 0 d m J c , setting the junction length unit; J c is the junction critical current density and d m the junction magnetic thickness [10, 11] . A theoretical analysis of a DOubly-Connected-Electrode LJTJ (DOCELJTJ), corroborated by experiments, has been also reported [12] in which the static sine-Gordon equation [13] for an in-line LJTJ has been coupled to the quantization [14] of the fluxoid in the doubly connected electrode.
In presence of a in-plane magnetic field, a LJTJ behaves like an extreme type-II superconductor [15] . The Meissner regime is reflected by a linear decrease of I c with weak magnetic fields which eventually vanishes at the critical field, H c,|| = 2J c λ j , where Josephson vortices (fluxons) start to penetrate. However, accuracy of the critical current measurement depends on the switching probability (or escape rate) caused by the thermal noise. It requires the acquisition of 10 4 -10 5 switches by standard time-of-flight techniques [16] , so limiting the use of the sensor proposed in Ref. [9] to slowly changing fields (f < 1 Hz). Though, for most applications a fast voltage (or current) response is mandatory.
Very interestingly, a DOCELJTJ can also provide a ultra-fast and highly linear voltage responsivity offering, as will be shown, superior sensor performances. In fact, in presence of a magnetic field exceeding its critical field, a LJTJ develops a steep current singularity, called flux-flow or Eck [17] step, at finite voltages of a fraction of the gap voltage (see Fig.2 ). A flux-flow oscillator (FFO) is a LJTJ with relatively high dumping in which a unidirectional viscous flow of mutually repulsive fluxons occurs and coherent electromagnetic radiation is emitted from one of its ends where the fluxon chain collides with the boundary [18, 19] . The flux-flow in LJTJs is a very well studied phenomenon that since long is being exploited for the realization of voltage-controlled local oscillators in low noise integrated T Hz receivers [20] .
The Eck step voltage, V , gives the number of fluxons passing per unit time across the LJTJ and is determined by two external independent stationary currents: one is referred to as the control current, I ctl , injected into one of the junction electrodes to create the magnetic field at the two ends of the LJTJ, while the bias current, I b , applied through the tunneling barrier, accelerates the fluxons and moves them from one junction extremity to the opposite one. V is proportional [18] to the in-plane magnetic field at the junction
where u is the relativistic speed of fluxon train that cannot exceed the Swihart [21] velocityc and L c = µ 0 d m /w c is the inductance per unit length of the constriction [7, 21] . Perfect linearity was reported in numerical simulations assuming ohmic power losses [19, 22] . The DOCELJTJ leverage is that the control current coincides with the circulating current, I ctl = I cir , which, in turn is proportional to the applied flux:
in this manner, any variation of the excitation field is reflected in a linear output voltage change (at variance with a Josephson interferometer characterized by a periodic response to external flux changes). Therefore, the voltage responsivity, V B ≡ ∂V /∂B, to a transverse magnetic field density, B = µ 0 H ⊥ , is
where R m ≡ ∂V /∂I ctl = L c u is the so-called transresistance [22] usual in transistor-like devices. The useful magnetic field range for the occurrence of the flux-flow state amounts to few times the transverse critical field [9, 11, 12] ,
The ultimate performances of any device also depend on its noise and bandwidth. To estimate the value of the minimum detectable field change, it is important to know the power spectral density, S B (ω), of the intrinsic magnetic noise under working conditions. The noise in FFOs has been deeply studied, both analytically [23] [24] [25] and experimentally [26] [27] [28] , since it determines the phase noise of the emitted radiation. At low frequencies the power spectral density of the intrinsic voltage fluctuation of a FFO is white [29] :
where R d ≡ ∂V/∂I b is the differential resistance of the flux-flow step, σ ≤ 1 is a positive coefficient depending on the junction bias configuration [23, 26, 39] and
is the power density of the internal low-frequency current fluctuations including both thermal noise and shot noise [30] ; e is the electron charge, k the Boltzmann constant, T the physical temperature, I p and I qp are the pair and the (temperature-dependent [31] ) quasi-particle currents, respectively. The approximation in Eq.(2) holds up to frequencies
where C is the junction capacitance. We like to stress that no flicker (1/f) noise affects the flux-flow mechanism. For high-quality all-Niobium LJTJs in flux-flow state at LHe temperatures, typically, the internal resistance R d + σR m < 1Ω, I qp < 2I p ≈ 2mA and V > 2kT /e 740 µV , therefore the voltage amplitude spectral density turns out to be has been demonstrated [33] allowing to approach the intrinsic sensor noise. Ultimately, for the proposed magnetometer the magnetic (amplitude) spectral density is
Another source of intrinsic noise is given by the thermal noise of the loop that generates mean-square magnetic fluctuations,
, uniformly distributed in a wide frequency range (kT /h); it can be often neglected, especially, for larger area loops. In the experiments the low-frequency fluctuations of both the bias and control dc-currents, I b and I ctl , unavoidably enhance the voltage noise level and should be supplied by filtered low-noise generators; however, for the stabilization of I ctl , as it was customary in Josephson memory cells [34] , the persistent circulating current trapped in the loop during a proper field-cooling can be conveniently used.
The magnetometer bandwidth is upper bounded by two factors. The loop is an R-L circuit, so the flux it encloses can change no faster than on a L/R timescale; therefore, the maximum rate at which the circulating currents can follow the magnetic field variations is set by the condition R s (ω 0 ) < µ 0 λω 0 , where R s ∝ ω 2 is the frequency (and temperature) dependent surface resistance of the loop material (provided the loop thickness exceeds its penetration depth λ): for Niobium at LHe temperature (λ N b ≈ 90 nm), we conservatively [35] estimated a cutoff frequency ω 0 ≈ 2π × 1 GHz. Another upper limit is set by the maximum rate at which the Eck step voltage can track the changes in the control/circulating current; since the intrinsic response frequency of the steady-state motion of the fluxons is typically 50-100 GHz [36] , this latter mechanism can be disregarded.
As a first proof of concept demonstration, we investigated the properties of several DOCELJTJs fabricated with the tri-layer technique in which high quality N b/Al-Al ox /N b LJTJ were realized in a window opened in a 220 nm thick insulating layer, so that the magnetometer pickup loop was realized at the time of the wiring layer lift-off process. Fig. 1(b) shows the picture of a washer-type squared loop whose outer dimension was set to D=8.0 mm and a width w p =1.1 mm was needed to minimize the ratio L p /A p . Disregarding the B (0) < 3 f T /Hz 1/2 . We stress that our design was far from being optimal and so the magnetic sensitivity is subject to further improvements, being it essentially determined by the ratios L p /A p and R d /R m . In specie, R d can be decreased by using uniformly biased and properly tailored LJTJs [20, 25] , while R m increases with reduced constriction width, w c , but is limited ultimately by fringing field [11] and quenching [40] effects. For this sample the thermally originated, loop magnetic (integral) noise, B n ≈ 20 pT , was negligible (S superfluous [42] . In addition, the sensor bandwidth, which is often limited by the transmission line delay of the FLL circuit [32] , can be much larger (up to several hundreds of M Hz).
With respect to the present-day SQUID devices [37] , the design and the fabrication process of our magnetometers are significantly simplified. In fact, they do not require shunt resistors, flux transformers, tunable resonators, modulation/feedback coils for the FLL operation and other integrated circuits, like the additional positive feedback, to increase the intrinsic responsivity. These circumstances render the fabrication yield higher and the devices more robust against the thermal cycles; in addition, the sensor operation result easier and free from parasitic effects. Indeed, the extremely low intrinsic voltage noise of the proposed sensor is a caveat which, at present, does not allow to fully benefit of its high sensitivity, as it occurred for dc-SQUIDs in the late 80's when nowadays modulated electronics was not used. This limitation can be overcome whether, for a given available detection area, the DO-CELJTJ were replaced by a series array of smaller area sensors; the resulting larger internal resistance would raise the device voltage noise above a measurable threshold and, at the same time, would improve the dynamic range, the bandwidth, the field responsivity [4, 43] and the magnetic noise. Further, in the light of the recent progresses reported in the fabrication of multilayered high-T c planar Josephson tunnel junctions [44] , the DOCELJTJ low intrinsic noise is very attractive for the realization of magnetometers operating at 77 K and with a very large dynamic range.
In this Letters we have discussed how a long Josephson tunnel junctions can be integrated with a superconducting loop to provide ultra-low-noise magnetometers. We stress that the proposed field detection relies on the fluxoid conservation, rather than on the Josephson interference, i.e., the DOCELJTJ design does not require any compromise between the loop and the junction parameters. In addition, its embodiment is fully compatible with most of the low-and high-T c thin film technologies developed for the fabrication of Josephson circuits [45] . Further, the demand on the external electronics is reduced. Its performances make it particularly advantageous for the measurement of biomagnetic fields, for non-destructive testing, geological prospecting and noise thermometry. In concluding, the proposed device is seen as a natural competitor of the well-established dc-SQUID magnetometers; in perspective, it can as well be exploited for the future realization of ultra-sensitive and wide-band superconducting amplifiers.
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